ABSTRACT Seasonal ßight activity of Rhyzopertha dominica near grain elevators and in forest habitats was monitored weekly in central Oklahoma from 2002 to 2005 using Lindgren four-unit multiple funnel traps baited with the synthetic pheromones Dominicalure-1 and Dominicalure-2. Response surface regression was used to model ßight activity (R. dominica trap data) relative to weather variables (temperature, humidity, amount of rainfall, wind speed) and daylength. Overall, the results show more beetle ßight activity near grain elevators than in forest sites. Among years, the earliest R. dominica ßight activity was recorded from 20 to 27 March, and the yearly ßight activity ended between 6 and 13 November. Seasonal ßight activity patterns were similar among habitats; however, across years, the ßight activity generally initiated at least 1Ð2 wk earlier in forest than at grain elevator sites in 2 of the 3 yr. R. dominica was most active during the warmer part of the year. No R. dominica were trapped from December through February. Approximately 80 and 86% of the variability in R. dominica trap catches were explained by weekly means of weather variables for grain storage elevators and forest sites, respectively. The weather-based ßight activity models for both habitats were validated with independent data.
The lesser grain borer, Rhyzopertha dominica (F.) (Coleoptera: Bostrichidae), is a major pest of stored grains, especially wheat, maize, rice, and sorghum in warmer regions of the world (Haines 1991) . The adults feed on whole or cracked grain, and larvae develop inside kernels, reducing them to hollow husks. The life history and development rates of R. dominica were described in early work (Schwardt 1933 , Potter 1935 Crombie 1941 ). On location of suitable food sources, male R. dominica release two aggregation pheromones: (S)-(ϩ)-1-methylbutyl (E)-2-methyl-2-pentenoate (designated dominicalure-1 or DL-1) and (S)-(ϩ)-1-methylbutyl (E)-2,4-dimethyl-2-pentenoate (designated dominicalure-2 or DL-2) (Williams et al. 1981) . Both sexes respond strongly to the synthetic blend of DL-1 and DL-2 under Þeld and laboratory conditions.
Rhyzopertha dominica is a strong ßier (Winterbottom 1922) , and extensive trapping studies have shown a characteristic seasonal activity pattern that seems to be determined by weather conditions (Cogburn et al. 1984 , Sinclair and Haddrell 1985 , Throne and Cline 1994 . R. dominica is considered an internal feeder, which means that early detection is challenging and that considerable damage can occur before the beetle infestation is noticed. Unlike some stored-grain pests, R. dominica is not known to attack ripening grains in the Þeld, but has been found infesting grain, in supposedly clean stores, within weeks or months after storage (Gates 1995 , Hagstrum 2001 , suggesting possible migration between potentially natural uncultivated habitats and enclosed grain storage facilities. The suggestion of possible migration from wild habitats is supported by the fact that R. dominica has been trapped in diverse environments, including woodlands that are substantial distances from grain stores (Cogburn 1988 , Edde et al. 2005 . Therefore, it may certainly be helpful to consider habitat and climatic factors that cause ßuctuation in R. dominica densities. An understanding of seasonal activity of R. dominica related to weather variables may be used to predict insect problems before they occur in grain elevators and maximize effectiveness of management decisions such as timing of insecticide application or aerating grain bins.
The Þrst objective of this study was to characterize R. dominica seasonal abundance and ßight activity pattern near grain storage facilities and in forest sites in central Oklahoma, and the second was to develop models that could be used to predict R. dominica ßight activity pattern in different habitats in central Oklahoma.
Materials and Methods
Pheromone Lures. Pheromone lures used in the experiments were fabricated in our laboratory. No. 11.5 sleeve stoppers (Fisher, Pittsburgh, PA; referred to here as rubber septa) were cleaned by soaking overnight in dichloromethane and allowed to air dry under a fume hood for 24 h. Pheromones were applied to the interior of a rubber septum through a 50% hexane solution containing 5 mg each of DL-1 (chemical purity, 95.8%) and DL-2 (chemical purity, 94%).
Rhyzopertha dominica Flight Activity Sampling Methods. Pheromone-baited traps were deployed at four Þeld sites (Table 1; forest sites I and II, Lindgren four-unit multiple funnel traps (Phero Tech, Delta, British Columbia, Canada) were used in this study. Two traps were maintained in each of the study sites (total eight traps). Traps were hung from vertical polyvinyl chloride pipe stands that were inserted into the soil, Ϸ1.7 m above the ground, and were spaced 15Ð20 m apart at each site. Pheromone lures were suspended by a wire at the mid-point inside the second funnel from the bottom of each trap. Traps were serviced at 7-d intervals at which time the trapped R. dominica were removed, and new lures were used for each trapping period in each experiment. Captured insects were prevented from escaping by placing pieces of No-Pest strip (United Industries, St. Louis, MO; active ingredient dichlorvos) in the collection cups. In total, data were collected for 75 wk, yielding 200 weekly observations for grain elevator sites I and II combined and 215 weekly observations for forest sites I and II combined.
Trapping data from February 2003 through April 2005 for site I (both forest and grain elevator) were used to characterize seasonal abundance and ßight activity pattern of R. dominica in the two habitats. However, regression models of the ßight activity of R. dominica in response to weather variables were constructed using the entire trapping dataset (July 2002 through October 2002 and February 2003 through April 2005 but were limited to trap catch data from the week when beetles were Þrst caught to the cessation of beetle ßight activity for each trapping year.
Meteorological Data. Weather data were obtained on minimum and maximum air temperature (ЊC), minimum and maximum relative air humidity (%), minimum and maximum wind speed (km/h), and rainfall (mm) from the Oklahoma meteorological stations near each study site (http://www.mesonet.org/ premium; Table 1 ). Although the weather stations were located near forest sites, the stations were situated outside the mature forests on small clearings. Measurement of daylength was obtained from the Astronomical Applications Department of the U.S. Naval Observatory (http://aa.usno.navy.mil).
Analyses. Because trapping was performed on a weekly basis, weekly means of the selected weather variables and daylength were used in the analysis. Data analyses were performed using the SAS Version 8 (SAS Institute 2001). A normal probability plot was used to determine normality and homogeneity of variance of weekly R. dominica trap catch data. Based on the results, the data were log-transformed, using the log(x ϩ 1) transformation (Zar 1999 Multiple backward stepwise regression (Neter et al. 1996 ) was performed to model R. dominica trap catch to determine if data from forest and grain elevator sites could be combined to present a single ßight model for the species in both habitats. Habitat type was included in the model with the use of an indicator variable and interaction terms with all the explanatory variables, yielding a total of 17 parameters in the model. The assumption was that, if forest and grain elevator habitats gave the same basic regressions, most, if not all, the interaction terms in the parameters would be removed from the regression model. To assess the potential quadratic nature of each explanatory variable, a response surface regression (PROC RSREG) was used to analyze the relationship between weather variables and weekly ßight activity of R. dominica. To reduce the numbers of parameters without sacriÞcing model accuracy, the parameters generated in the response surface regression were subjected to single step evaluation to eliminate model parameters with no contribution to the model Þt. The parameters were individually evaluated in a PROC REG analysis to calculate the contribution of each parameter by using the coefÞcient of determination (R 2 ) as a criterion associated with model Þt. A predictive model for R. dominica ßight activity was chosen when further addition of a parameter resulted in no improvement (Freund and Littell 1991) .
Validation. Validation of the predictive capability of the regression models was accomplished with trapping observations not used in Þtting the original models. Trapping for validation purposes was conducted from 2 April to 2 July 2005 at grain elevator sites IÐIV and forest sites I and II (Table 1) . Two or three traps were deployed weekly at each of the grain elevators site, and four to six traps were deployed weekly at each of the forest sites. In total, there were 134 and 129 weekly observations for validation purposes for the ßight activity model for grain elevator and forest sites, respectively. Weather data for the validation data were obtained from meteorological stations near the study sites (Table 1) . Pheromone lures, Lindgren funnel traps, and trap spacing were identical to those used to construct the models.
Results
Analysis of weather data indicated that conditions were similar at grain elevator site I and forest site I in 2003, with exception of minimum wind speed, which was signiÞcantly higher in forested than in grain elevator site (t-test ϭ 6.07; df ϭ 129; P Ͻ 0.001; Table 2 ). However, in 2004, signiÞcantly larger means were observed for forest habitat for maximum humidity (ttest ϭ 3.21; df ϭ 99.2; P Ͻ 0.01), minimum humidity (t-test ϭ 1.95; df ϭ 146; P ϭ 0.05), maximum wind speed (t-test ϭ 2.96; df ϭ 146; P Ͻ 0.01), and minimum wind speed (t-test ϭ 6.98; df ϭ 137; P Ͻ 0.001), whereas weekly mean of maximum temperature was higher around grain elevator relative to forest habitat for the same year (t-test ϭ Ϫ2.73; df ϭ 146; P Ͻ 0.01). Minimum temperature, daylength, precipitation, and proportion of days with rain were not signiÞcantly different respectively. Repeated measure analysis of variance (ANOVA) conÞrmed that R. dominica trap catches near the grain storage elevator were signiÞcantly higher than in forest site (F ϭ 12.41; df ϭ 1,46; P Ͻ 0.01). The analysis also showed that R. dominica ßight activity was signiÞcantly different among weeks within trapping sites (F ϭ 10.13; df ϭ 35,180; P Ͻ 0.001). Of the total trap catches, 19,148 and 17,674 individuals were caught in 2003 and 2004, respectively, but there was no signiÞcant difference in trap catches between the years (F ϭ 0.71; df ϭ 1,40; P ϭ 0.41). In general, climatic conditions did not cause noticeable differences in yearly R. dominica population activity across habitats, but within year and habitat variation in beetle ßight activity was largely governed by short time (weekly) differences in weather conditions. Analysis of R. dominica trap catches within habitats indicated that the number of R. dominica captured in 2003 and 2004 were not signiÞcantly different for the grain elevator site (t-test ϭ 1.62; df ϭ 205; P ϭ 0.11) or forest site (t-test ϭ Ϫ1.39; df ϭ 205; P ϭ 0.17).
Seasonal patterns of R. dominica ßight activity at site I (both grain elevator site and forest site) are presented in Fig. 1 . In 2003, the Þrst R. dominica was captured during the week of 4 Ð11 April in the forest site, but not until a week later at the grain elevator site. A similar pattern was observed in 2004, with the Þrst ßight activity recorded in the week of 20 Ð27 March in the forest site, but no R. dominica were captured until 2 wk later (3Ð10 April) at the grain elevator site. However, commencement of R. dominica ßight activity in forest and at the grain elevator site in 2005 occurred during the same week, 27 March to 2 April, in both trapping sites. The cessation of R. dominica ßight activity in 2003 was recorded on the week of 24 Ð31 October and 31 October to 7 November at the grain elevator and forest sites, respectively. However, cessation of beetle activity in the forest and near grain elevator sites in 2004 was observed during the same week of 6 Ð13 November at both study sites. In general, the ßight activity seemed to be trimodal for each year of this study, such that peaks of trap capture occurred in May, August, and early October.
Influence of Meteorological Conditions on Flight Activity. Results of the stepwise regression analysis to determine if data from forest and grain elevator sites could be combined to present a single ßight model for the species in both habitats showed that 67% of the terms that included the common variable failed to be removed from the model, indicating signiÞcant differences on the effect of weather conditions on R. dominica ßight activity between the two habitats. Therefore, we decided to keep the forest and grain elevator regressions separate.
Forty-four parameters, including 8 linear responses, 8 quadratic responses, and 28 linear interactions, were generated with 8 weather variables in the full response surface regression model of R. dominica ßight activity at grain and forest sites. Results of the single step exclusion of model parameters with no contribution to the model are given in Fig. 2 . We found that 80 and 86% of the total variance was explained when the Þrst 33 parameters were included in the model for R. dominica ßight activity at grain elevator or forest sites, respectively. Including the remaining 11 parameters resulted in no improvement to the model Þt for R. dominica ßight activity in either habitat. We decided, therefore, to base the models on the Þrst 33 parameters because they explained the most variance with the fewest parameters. Apparently, R. dominica ßight activity near grain elevators was largely dependent on linear responses to maximum air temperature (Fig. 2) . Primary contributors to model Þt in forest habitats were linear interactions between wind speeds and temperatures, of which linear interactions between maximum wind speed and minimum air temperatures was the most important (Fig. 2) . Model parameters and associated coefÞcients for R. dominica ßight activity at grain elevator and forest sites are given in Tables 3 and 4 , respectively.
Model Validation. Linear regression analysis of the observed versus predicted R. dominica trap catches at grain elevator and forest validation sites, respectively, are summarized in Fig. 3 . The results conÞrmed that the regression model developed for grain elevator site could be used to explain ßight activity at elevator site I (F ϭ 138.2, df ϭ 38, P Ͻ 0.001), elevator site II (F ϭ 88.3, df ϭ 49, P Ͻ 0.001), elevator site III (F ϭ 35.0; df ϭ 15; P Ͻ 0.001) and elevator site IV (F ϭ 38.9, df ϭ 40, P Ͻ 0.001). Similarly, the model for forest habitats was valid for forest site I (F ϭ 5.8, df ϭ 44, P Ͻ 0.05) and forest site II (F ϭ 49.6, df ϭ 83, P Ͻ 0.001), although these lacked the higher level of prediction found for the elevator model.
Discussion
Our results on R. dominica seasonal ßight activity showed that climatic conditions did not cause noticeable differences in yearly R. dominica population activity in forest habitats and grain elevators. However, within year and habitat variation in beetle ßight activity was more related to weather conditions expressed over a short-term, or weekly, basis, rather than on longer-term seasonal or yearly scales. It is thus possible to predict differences in R. dominica ßight activity in the two habitats based on just 1 yr of data. The lack of year-to-year variation in R. dominica ßight activity within habitats observed in this study differs from the yearly variation in ßight activity found in other stored products insect pests, such as Cryptolestes ferrugineus (Nansen et al. 2004) and P. truncatus (Borgemeister et al. 1997) . The authors of these two later studies collected Ͼ2 yr of ßight activity data and attributed the yearly variation they found to macroclimatological factors. Our conclusion of a lack of yearly variation in R. dominica ßight activity is based on just 2 yr of trapping data and should be considered preliminary until data from several years can be collected.
Previous reports on seasonal ßight activity of R. dominica included those by Schwitzgebel and Walkden (1944) , Cogburn et al. (1984) , Sinclair and Haddrell (1985) , and Throne and Cline (1994) . As with our Þndings, these early reports showed that relatively high R. dominica ßight activity occurred during the warmer part of the year (July through September). However, our Þndings on commencement and cessation of R. dominica ßight activity differ from observations by Schwitzgebel and Walkden (1944) and Throne and Cline (1994) . For example, during a survey to monitor migration of stored grain insect pests into wheat bins in Kansas, Schwitzgebel and Walkden (1944) caught the Þrst R. dominica between13 and 15 May in sticky traps placed at ventilator openings of grain bins. Throne and Cline (1994) , in a 2-yr study to examine activity of various stored-product insect pests outside grain elevators, observed that R. dominica was active year-round in South Carolina. Our traps were baited with R. dominica pheromones and thus were probably more attractive than the passive sticky traps used in these other studies, which could explain our ability to detect R. dominica ßight earlier in the spring than did Schwitzgebel and Walkden (1944) in Kansas. However, we did not capture any R. dominica in either of the trapping sites from December through February during the course of our study, which is a time of the year when daily high temperatures rarely, if ever, exceeded 10.9 Ϯ 6.9ЊC. Thus, we propose the threshold temperature for ßight of R. dominica in central Oklahoma to be on average Stepwise exclusion of the least model parameters (lowest R 2 value) in the regression analysis of R. dominica ßight activity near grain elevators and forest sites in central Oklahoma. DL, daylength (decimal hour); HM, minimum relative humidity (%); HX, maximum relative humidity (%); RA, amount of rainfall; TM, minimum air temperature (ЊC); TX, maximum air temperature (ЊC); WM, minimum wind speed (km/h); WX, maximum wind. Arrow point indicates end of parameters included in predictive model. 10.9ЊC. The South Carolina sites used by Throne and Cline (1994) were southerly in distribution and climate, and temperatures were presumably warmer there in the winter time than in Oklahoma; hence, insects like R. dominica are likely to be active year round in South Carolina.
Similar ßight activity pattern of R. dominica observed between forest and grain storage suggest the possibility that both habitats may sustain populations of R. dominica. It is likely that the relatively early ßight activity recorded in forest sites compared with grain storage sites (Fig. 1) , as well as the Þrst and second peaks of ßight activity in forest and grain elevator sites, represent migration of the insect from overwintering sites in the forest to the grain elevators. Likewise, the third, but brief burst of ßight activity observed in both habitats might represents migration of the insect from grain storage facilities, where they usually occur in high density at the time of the year (November), back to the forest for overwintering. Similar R. dominica ßight activity patterns between forest and grain storage sites underscores the need for further studies on the dispersal behavior, habitat and host plant afÞnities, and more generally on the effect of habitat quality on interactions among R. dominica metapopulations. R. dominica is a strong ßier and may be able to use nonagricultural host plants for reproduction (Edde and Phillips 2006) . Thus, an ability by adult beetles to migrate between uncultivated natural habitats and grain storages may confer the ability to colonize new or previously infested grain storage, which may have important consequence for local and regional population dynamics, gene ßow among regional populations, and pest management in stored grain (Briers et al. 2003) .
Results of the stepwise regression analysis to determine if data from forest and grain elevator sites could be combined to present a single ßight model for the species in both habitats conÞrmed that the inßuence of weather conditions on R. dominica ßight activity varies substantially between the two habitats. Habitatbased models of R. dominica ßight activity may provide better understanding of the underlying interactions between inherent habitat quality and climatic perturbations and enable accurate characterization of the relationships between trap catches, ßight behav- ior, and population density. The observed interhabitat variation in the relationship between R. dominica ßight activity and weather variables presumably reßects differences in microclimates of the habitats. The grain elevator sites used in our study, which are typical of grain elevator sites in central Oklahoma, are opened, nonforested areas that could have extremes in climatic conditions on a more frequent basis than the forest sites because of the lack of tree cover. For example, Saptomo et al. (2004) observed that a greater amount of energy may be dissipated into heat in open conditions, which may lead to relatively higher environmental temperature in open conditions than in Þelds covered by canopy.
The ßight activity models developed in this study conÞrm that weather variables explained most of the variation in R. dominica trap catches for grain elevator and forest sites. The remaining unexplained variation must be attributed to factors not included in the models and to stochasticity. For example, because our trap catch data were collected on a weekly basis, we also summarized data on weather variables as weekly means. These computations may have resulted in loss of precision in the regressions that resulted from un- explained variance caused by summarizing meteorological data as weekly means (Briers et al. 2003) . The model for R. dominica ßight activity for grain elevator sites gave a good prediction of beetle ßight at the four different validation grain elevator sites during 2005, with regression values ranging from 0.51 to 0.84 (Fig. 3) . The validations for forest sites were also good, but with lower regression values of 0.12 and 0.37.
Models describing the limits of ßight activity under different climatic conditions will aid in the management of stored grains by predicting the time when migrant insect pests are a threat. Our ßight activity models accurately predicts when zero R. dominica ßight activity would occur in both types of habitats, as well as when large ßights (Ͼ500 near grain elevator; Ͼ220 forest) would occur over short time scales (i.e., weekly interval). Extension personnel could use these models to assist farmers and grain elevator operators in predicting the onset of insect problems or in giving assurance that the risk of infestation caused by migration is very low. Such information would be important for proper timing of management practices such as fumigant insecticide application or aerating grain bins, which are most effective after pest immigration has ceased. Results from this study are currently being developed into an internet-based model of R. dominica ßight activity, together with other pest management information, to provide risk warning tools to Oklahoma grain elevator managers and grain producers when extension agents are not easily accessible.
